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ABSTRACT 

Homonuclear and heteronuclear l- and Z-dimensional NMR techniques have been used to establish 
stereochemical and conformational relationships in the hydroxymethyl furanoside 2. Concurrent with 
the NMR studies, theoretical calculations were performed on this compound using computer-assisted 
model building (MacroModel) and molecular mechanics (MM2). From the NOE and J-coupling 
constraints obtained from NMR experiments, refined structures for this compound in two different 
solvents have been identified and optimized. The “solvent effects” observed in the NMR spectra for 2 
are interpreted in terms of the differences in the requirements for intramolecular electrostatic 
stabilization in the two solvents. 

INTRODUCIION 

In an earlier paper’, we reported the results of NMR experiments and theoreti- 
cal calculations on 3-C-(cyanomethyl)-3-deoxy-1,2 : 5,6-di-O-isopropylidene-a-D- 
allofuranose (1). Therein we qualitatively correlated the model-built and energy- 
refined structures with ‘H NMR coupling constants and nuclear Overhauser 
effects (NOES) leading to a confirmation of the structure and solution dynamics of 
1. 

As a continuation of our interest in compounds containing this ring system, we 
report here a detailed study, using a similar combination of NMR spectroscopy 
and computational techniques, of the structure and stereochemistry of 3-deoxy-3- 
C-(hydroxymethyl)-1,2 : 5,6-di-O-isopropylidene-cu_D-allofuranose4 (2). The results 
obtained’ for 1 provided a unified qualitative correlation of NMR results and 
calculations in a system in which strong intramolecular electrostatic interactions 
were absent. The potential for intramolecular hydrogen bonding in 2, however, is 
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1: R=CH$ZN 

2: R = CH*OH 

expected to evoke changes in the conformational dynamics of this carbohydrate 
ring system relative to 1. The present study describes solution NMR investigations 
on 2 in CDCI, and Me,SO-d, and the correlation of these results with theoretical 
calculations. 

For clarity, we have employed, in conjunction with the standard numbering for 
the furanose ring system A, the following numbering and lettering scheme which 
denotes the pendant and fused 0-isopropylidene quaternary carbons as C-7 and 
C-S, respectively. The methyl groups attached to C-8 are denoted as Me(A) and 
Me(B) with Me(A) being ryn to protons H-l and H-2. The methyl groups attached 
to C-7 are denoted as Me(C) and Me(D) with Me(C) being syn to protons H-5 and 
H-6 and with Me(D) being syn to H-6’. 

A 

RESULTS AND DISCUSSION 

Synthesis.-Compound 2 was prepared from readily available 1,2 : 5,6-di-O-iso- 
propylidene-cu-D-glucofuranose (3, Scheme 1). Oxidation of 3 with pyridinium 
chlorochromate (PCC) in the presence of pulverized 3A molecular sieves afforded 
a 60 : 40 mixture of 1,2 : 5,6-di-O-isopropylidene-a-o-ribo-hexofuranos-3-ulose5 (4) 
and its hydrate. Treating this mixture with the Grignard reagent from trimethylsi- 
lylmethylmagnesium chloride in refluxing THF afforded the silyl alcohol2 (85%), 
which was immediately subjected to Peterson fragmentation3 affording the exocy- 
cylic enose 5 in 82% yield for the two steps. Hydroboration of 5 with borane-di- 
methyl sulfide complex afforded the desired branched allose 2 in 78% yield. 

The hydroboration of the double bond in 5 can occur from either the (Y- or 
p-face leading to two possible epimeric hydroxymethyl products, 2 or epi-2. Results 
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from the NMR experiments (vide infra> clearly indicate the product of this 
reaction to be 2, which arises from delivery of hydride to the p-face of 5. This 
result is consistent with qualitative predictions based on steric criteria, the known 
mechanism of hydroboration, and further parallels the stereochemical outcome of 
the catalytic hydrogenation reaction’ used to produce the structurally related 1. 

NMR studies: proton NMR resonance assignments.-The proton NMR assign- 
ments for 2 in CDCl, and Me,SO-d, were confirmed using l- and 2-dimensional 
NMR techniques. The assignment of the proton NMR spectra for 2 in CDCI, 
follows from the interpretation of the phase-sensitive double-quantum filtered 
COSY (DQF-COSYj5 data together with the phase-sensitive (NOESYj6 data. The 
assignments of the proton chemical shifts and coupling constants for the six 
overlapped and congested protons H-3’(A), H-3’(B), H-4, H-5, H-6, and H-6’ were 
evaluated from the homonuclear 2D J-spectra obtained for 2 in CDCl,. The 
proton NMR spectrum obtained for 2 in Me,SO-d, was less congested and 
consisted of overlapped nearly first-order spin patterns. Assignment of the OH-3’ 
resonance for 2 in each of the two solvents was confirmed by D,O exchange 
experiments, the results of which also served to simplify, in particular, the spin 
patterns for H-3’(A) and H-3’(B). The geminal methyl pairs Me(A)-Me(B) and 
Me(C)-Me(D) which are attached to the same quaternary carbons C-8 and C-7, 
respectively, were unambiguously assigned from the COSY and NOESY spectra 
for both solvents. The COSY data reveals cross-peaks arising from the 4-bond 
coupling between the methyl groups attached to the same carbon atom. These 
assignments were critically important for the subsequent conformational studies. 
Tables I and II summarize the proton chemical shifts and coupling constants 
obtained for 2 in both solvents, The combined use of proton homonuclear 2D 
NMR techniques described herein affords the necessary information leading to a 
self-consistent assignment of all of the proton chemical shifts for 2. 

The phase-sensitive NOESY data for 2 corroborates the proton assignments 
made from the COSY data and reveals important structural details about both the 
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TABLE I 

Proton (400 MHz) chemical-shift data for 2 

Proton Solvent Afib 
assignments a CDCI, Me,SO-d, 

H-l 5.712 d 5.728 d + 0.044 
H-2 4.755 dd 4.685 dd + 0.070 
H-3 2.119 ddt 1.966 dddd + 0.153 
H-3’(A) 3.911 ddd 3.632 ddd + 0.279 
H-3’(B) 3.864 ddd 3.571 ddd + 0.293 
H-4 3.895 dd 3.690 br dd + 0.205 
H-S 3.990 ddd 4.079 dt - 0.089 
H-6 4.157 dd 3.966 dd + 0.191 
H-6‘ 4.021 dd 3.739 dd + 0.282 
Me(A) 1.316 s 1.254 s + 0.062 
Me(B) 1.518 s 1.400 s +0.118 
Me(C) 1.369 s 1.259 s +0.110 
Me(D) 1.455 s 1.304 s + 0.151 
3’-OH 3.280 dd 4.577 dd - 1.297 

a Chemical shifts are expressed in ppm relative to tetramethylsilane (Me,& 0.000 ppm) used as an 
internal standard. Proton assignments were confirmed by 2-dimensional NMR experiments (DQ-COSY 
and NOESY). b Defined as: S CDCl, - 6 Me,SO-d,. 

conformational disposition of the pendant hydroxymethyl group at C-3 as well as 
contrasting the differences in ring stereochemistry which are evident from the 
NMR data in the two solvents. In CDCl,, intramolecular hydrogen bonds between 
OH-3’ and O-2 or O-5 within the molecule are both conformationally possible, 
while in Me,SO-d,, intermolecular hydrogen bonding of OH-3’ to the solvent 
competes favorably with the intramolecular hydrogen bonding sites and is expected 

to predominate. 

TABLE II 

Proton-proton coupling constants 0 for 2 

Proton Solvent 
assignments CDCl, Me$O-d, 

J 1.2 4.0 3.5 
J 2.3 4.8 4.5 
JJ,Y(A) 4.7 5.8 
Jw(B) 6.9 8.9 
JY(A,,Y(B, - 11.9 - 10.5 
J3t(~,,o~ 9.7 5.5 
J,y,,OH ’ 3.3 5.4 
J 
3.4 

9.6 10.2 
J 
4.5 

8.2 5.9 
J5.6 5.8 6.4 
J5.6’ 4.9 5.9 
J6.6’ - 8.4 -8.2 

n Coupling constants are expressed in Hz. The sign of the geminal coupling constants is inferred. 
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TABLE III 

Carbon-13 (100 MHz) chemical shift data for 2 

Carbon Solvent Aa* 
assignments CDCI, Me,SO-d, 

C-l 104.8 104.6 + 0.2 
c-2 82.4 80.8 +1.6 
c-3 51.3 49.9 +1.4 
C-3’ 59.5 56.8 + 2.7 
c-4 81.6 79.0 + 2.6 
c-5 77.1 76.8 + 0.3 
C-6 67.9 65.6 + 2.2 
c-7 109.8 108.5 +1.3 
C-8 112.2 110.9 +1.9 
Me(A) 26.1 26.3 -0.2 
Me(B) 26.7 26.8 -0.1 
Me(C) 25.1 26.3 -0.2 
Me(D) 26.5 25.1 +1.4 

’ Chemical shifts are expressed in ppm relative to tetramethylsilane (Me,Si 0.00 ppm) used as an 
internal standard. Protonated carbon assignments were confirmed by 2-dimensional NMR (HETCOR). 
* Defined as: 6 CDCl, - 6 Me,SO-d,. 

Carbon-13 NMR: resonance assignments. -The 13C NMR assignments for the 
protonated carbon resonances in 2 follow from the results of the attached proton 
test (APTj7 and the proton-carbon heteronuclear shift correlation (HETCOR)’ 
experiments. Assignment of the quatemary carbon resonances C-7 and C-8 follows 
analogously by comparison of the carbon shifts for 2 with that of 1 (ref. 1) and 
related compounds. Table III summarizes the carbon-13 chemical shifts and their 
assignments for 2 in CDCl, and Me,SO-d,. 

Conformational and structural aspects.-The 2-dimensional proton NOESY 
spectrum (Fig. 1A) allows conclusions to be drawn regarding the conformation of 2 
in CDCl, solution. In this as well as our previous study ‘, NOE intensities are 
arbitrarily assigned as “strong” (s), “medium” (m), and “weak” (w) and corre- 
spond to the ranges of distances 1.8 to 2.0,2.0 to 3.0, and 3.0 to 4.0 A, respectively. 
NOE intensities which are not observed correspond to distances > 4.0 A. The 
relative intensities of NOESY cross-peaks were evaluated from the 2D contours 
based on both visual comparisons of the intensities of the geminal and vicinal 
NOESY cross-peaks relative to cross-peaks corresponding to longer-range dipolar 
interactions as well as the relative intensity information obtained from slices of the 
NOESY contour plots. Medium intensity cross-peaks are observed between the 
vicinally related H-l and H-2, H-2 and H-3, and H-5 and H-6, whereas strong 
cross-peaks are observed between the geminally related H-3’(A) and H-3’(B), and 
H-6 and H-6’. A medium-intensity cross-peak is observed between H-3 and H-5. 
Weak cross-peaks were observed between Me(A) and both ring protons H-l and 
H-2, Me(C) and both H-5 and H-6, Me(D) and H-6’ and H-4, and Me(B) and H-4 
(Fig. 1B). Weak cross-peaks were also observed between Me(D) and OH-3’ as well 
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Fig. 1. Phase-sensitive NOESY NMR spectrum for 2 in CDCI, solution. (A) Full spectrum. (B) 
Expansion of the boxed region in (A) showing the correlation cross-peaks between the methyl 
resonances and the ring protons. Peaks in (A), denoted by f b 1, are in-phase cross-peaks characteristic 
of chemical exchange of OH-3’ with the water present in the solvent. Peaks in (B), denoted by (01, 
indicate trace amounts of ethyl acetate. Key NOE observations are denoted by arrows on the structure 
for 2 consistent with the NMR results. 

as H-2 with only one of the protons at C-3’, H-3’(B). The conformation for 2 
consistent with the 2D NOESY data in CDCI,, which implies the existance of an 
intramolecular hydrogen bond between OH-3’ and O-5, together with key ob- 
served NOE interactions is shown in Fig. 1. 

Similar to the results obtained for 2 in CDCl,, the NOESY data obtained for 2 
in Me,SO-d, (Fig. 2A) also show the weak cross-peaks associated with Me(A) and 
protons H-l and H-2, Me(B) and H-4, Me(C) and proton H-5 and H-6, and Me(D) 
and H-6’ (Fig. 2B) as well as the expected medium intensity cross-peaks between 
the vicinally related H-l and H-2, H-2 and H-3, H-5 and H-6, and the strong 
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Fig. 2. Phase-sensitive NOESY NMR spectrum for 2 in Me,SO-d, solution. (A) Full spectrum. (B) 
Expansion of the boxed region in A showing the correlation cross-peaks between the methyl resonances 
and the ring protons. Peaks in (A), denoted by (b ), are in-phase cross-peaks characteristic of chemical 
exchange of OH-3’ with the water present in the solvent. 

cross-peaks between the geminal protons H-3’(A) and H-3’(C), H-6 and H-6’, and 
H-5 and H-6. Medium intensity cross-peaks between OH-3’ and C-3’ protons, and 
between H-5 and H-4 are also observed. Weak cross-peaks are observed between 
H-3 and OH-3’ of the pendant hydroxymethyl group with nearly equal 3-bond 
couplings being observed between OH-3’ and the C-3’ protons. Absent from the 
Me,SO-d, data, however, is a cross-peak corresponding to a Me(D) to H-4 
interaction and an examination of the vicinal coupling constants (Table II) be- 
tween H-4 and H-5 protons indicate that this value differs from the corresponding 
value for 2 obtained in CDCl,. These latter observations suggest that the orienta- 
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tion of the hydroxymethyl moiety about the C-3-C-3’ bond and the conformational 
disposition of the 5,6-O-isopropylidene ring about the C-4-C-5 bond are clearly 
different in the two solvent environments. 

Molecular modeling.-Concurrent with the NMR studies, the energetically 
favored structures of 2 were investigated by molecular mechanics. The numbers of 
conformations within 7 kcal/mol of the global minimum, obtained at the dielectric 
values of 1.0 and 10.0 were 41 and 29, respectively. The two sets of conformations 
show significant differences since intramolecular electrostatic stabilizations are 
feasible in 2 and these are emphasized to different extents in the two dielectrics. 
Further, conformational energy calculations were also performed wherein energies 
were evaluated as a function of the torsions about the C-4-C-5 (xi) and C-3-C-3’ 
(x2) bonds. These computations were carried out with both the MM2 and MM3 
force fields (uzife infra), the latter being known to be better parameterized for 
carbohydrates’,“. 

The models obtained at the dielectric of 1.0 are compared with the NMR data 
for 2 in CDCl,. The rationale for this comparison is that the OH-3’ is unlikely to 
be involved in extensive hydrogen bonding with the CDCl, and, hence, its 
structure is likely to be stabilized by intramolecular interactions such as hydrogen 
bonding. These interactions are better modeled at the lower dielectric. The models 
obtained at the dielectric of 10.0 will be compared with the NMR data obtained 
for 2 in Me,SO-d,, which is capable of forming intermolecular hydrogen bonds 

with 2. This results in the disruption of the intramolecular stabilization for 2 
observed in CDCl,. Table IV lists models which lie within 3 kcal/mol of the 
respective global minima in the two sets along with their relative energies. Figs. 3 
and 5 present computer graphics illustrations of some of the energy-refined models 
obtained at the dielectrics of 1.0 and 10.0, respectively. The terms “around” and 
“approximately” used herein refer to deviations of no more than 0.1 A in the case 
of calculated distances and not more than 10% in the case of torsion angles. 

Models at dielectric of LO.-Only one conformation (DEl-M2) is found within 
1 kcal/mol of the global minimum (DEl-Ml) while seventeen are found within 3 
kcal/mol of the latter. In both (DEl-Ml) and (DEl-M2), OH-3’ forms an 
intramolecular hydrogen-bond with O-5 of the 5,6-U-isopropylidene ring (Fig. 3a). 
The two models are very similar in the fused bicyclic part of 2, and differ in only 
the ring geometry of the 5,60isopropylidene moiety (Fig. 3a). The model DEl-M3 
(Fig. 3b; Table IV) is, however, characterized by a hydrogen bond between the 
OH-3’ and O-2 of the 1,2-O-isopropylidene ring. It overlaps with DEl-Ml with an 
rms deviation of 0.1 A for the positions of all heavy atoms with the exception of 
the OH-3’ oxygen (Fig. 3b). The model DEl-M4 is characterized by the lack of an 
intramolecular hydrogen-bond (Fig. 3c) and is energetically destabilized by 1.4 
kcal/mol relative to DEl-Ml, the global minimum. With the exception of the 
OH-3’, this model overlaps to within 0.1 A of DEl-Ml and DEl-M3. The NMR 
data (vide sup-a) is consistent with both (DEl-Ml) and (DEl-M2). Of the I6 
models which lie between 1 and 3 kcal/mol of the global minimum, 8 have 
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TABLE IV 

Energies (kcal/mol) relative to global minimum of the minimized structures of 2 within 3 kcal/mol at 

the dielectric of (a) 1.0 and (b) 10.0 

a 

Model 

DEl-Ml 
DEl-M2 
DEl-M3 
DEl-M4 

DEl-MS 
DEl-M6 
DEl-M7 
DEl-MS 
DEI-M9 
DEl-Ml0 
DEl-Ml1 
DEl-Ml2 
DEl-Ml3 
DEl-Ml4 
DEl-Ml5 
DEl-Ml6 
DEl-Ml7 
DEl-Ml8 

Energy 

0.00 
0.56 
1.19 
1.38 

1.55 
1.70 
1.79 
2.02 
2.03 
2.11 
2.26 
2.54 
2.75 
2.81 
2.82 
2.86 
2.95 
3.00 

b 

Model 

DElO-Ml 
DElO-M2 
DElO-M3 
DElO-M4 

DElO-MS 
DElO-M6 
DElO-M7 
DElO-M8 
DElO-M9 
DElO-Ml0 
DElO-Ml1 
DElO-Ml2 
DElO-Ml3 
DElO-Ml4 
DElO-Ml5 
DElO-Ml6 
DElO-Ml7 
DElO-Ml8 
DElO-Ml9 
DElO-M20 

DElO-M21 

Energy 

0.00 
0.04 
0.15 
0.15 

0.39 
0.44 
0.81 
0.82 
0.82 
0.85 
0.90 
0.94 
1.10 
1.13 
1.50 
1.52 
1.58 
1.64 
1.81 
2.13 

2.27 

intramolecular hydrogen-bonding interactions similar to that in DEl-M3, while 
the others are not characterized by either hydrogen bonds or any intramolecular 
electrostatic stabilization involving OH-3’. 

Protons H-l and H-2 are nearly eclipsed with the torsion angle about the 
C-l-C-2 bond varying between -5 and -9” in all of the energy-optimized 
structures. This range is similar to the one obtained for 1 in our previous study’. 
As noted earlierl, the coupling constant J,,, calculated from the energy-minimized 
models using the method of Haasnoot et al. l1 deviates from the experimental 
observation by N 1.5 Hz. Such a difference could be attributed to the stereoelec- 
tronic environment present in 2, which is not taken into account by the Haasnoot 
relationship. 

As in the case of 1, the dihedral angle H-l-C-2-C-3-H-3 is 40 k 1” in all the 
energy-refined models of 2. This value is consistent with the experimental observa- 
tion of 4.8 Hz (Table IV) which deviates from the corresponding value for 1 by 0.2 
Hz. The torsion angle H-4-C-4-C-3-H-3 is around - 170” in 2, consistent with the 
NMR observed coupling constant of 9.6 Hz. 

The coupling constants between H-3-H-3’(A) and H-3-H-3’(B) are 4.7 and 6.9 
Hz, respectively. These values imply neither a pure gauche nor a pure anti 
conformation for H-3’(A) and H-3’(B) relative to H-3. These values may also be 
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Fig. 3. Computer graphics illustrations of (A) overlap of DEl-Ml i -) and Del-M2 (------), (B) 

overlap of Del-Mel (------- ) and Del-M3 C------>, and (C) DEI-MI. 

contrasted with the corresponding values of 3.7 and 31.2 Hz obtained for 1. In the 
refined modeIs of 2, torsion angles about the C-3-C-3’ bond are spread over the 
anti (CL NO“), gauche f (N 60”), and guuck- (N -60”) ranges. The torsion angles 
H-~-C-~-C-~‘-H-~‘(LI) and H-3-C-3-C-3’-H-3’(B) are around - 74” and 165” in 
both DEl-Ml and DEl-M2, respectively. These two torsions are consistent 
qualitatively (although not quantitatively) with the observed coupling constants. 
The Haasnoot relationship as implemented in MacroModei does lzot permit the 
calculation of coupling constants for the H-3 and H-3’CA or B) protons due to the 
presence of the OH-3’ group. Further, this relationship is an approximation that 
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x ( c-4 - c-5 ) x( c-4-C-5) 

Fig. 4. Energy plots of 2 in the conformational space of the torsions about the C-3-C-3’ (Y-axis) and 
C-4-C-5 (X-axis) bonds, with MM2 (A) and MM3 (B) force fields. Isoenergy contours are drawn at 1 
kcal/mol intervals starting from the global minimum (marked 0). See text for details. 

does not take into account the presence of explicit solvation, solute concentration, 
and so on. Accordingly, the significance of the torsions in the theoretical models in 
relationship to the observed coupling can at best be considered qualitative. The 
larger coupling constant of 6.9 for H-3’(B) suggests a more extended conformation 
than for H-3’(A) and this is borne out in our models for 2. The results of the 
exhaustive conformational energy calculations (Fig. 4) clearly suggest that the 
C-3-C-3’ torsion is flexible implying that the hydroxymethyl group spends some of 
its time in conformations other than the global minimum. The values of the 
observed coupling constants do suggest that the latter conformation plays a 
significant role in deciding the average conformation about the C-3-C-3’ bond. 
Two other models (DEl-Ml2 and DEl-M14) also have similar values of these 
torsions. However, the latter two structures have energies of more than 2 kcal/mol 
relative to the global minimum (Table IV). 

The torsion angle H-4-C-4-C-5-H-5 which defines the orientation of the 
5,60isopropylidene ring relative to the [3.3.0] ring system is predominantly 
between 175 and 185” in all the energy-refined models of 1 which lie within 2 
kcal/mol of the global minimum. The calculated J values for these models lie in 
the range 9.2-9.4 -t 1.0 Hz. In models whose relative energies are 2 kcal/mol 
greater, this torsion adopts either a gauche + (- 60“) or a gauche- (- - 60”) 
value. The observed H-4-H-5 coupling of 8.2 Hz in CDCl, (Table IV) is once 
again qualitatively consistent with the values of N 180” for torsions about C-4-C-5. 
This value corresponds to a torsion of * 155” about C-4-C-5 and as noted from 
the contour plots (Fig. 4), such a value lies within 2 kcal/mol of the global 
minimum. This observed “average” conformation could be visualized as arising 
from the major contributions from the predominately anti conformations as well as 
from minor contributions from the gauche conformations both of which lie within 
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3 kcal/mol of the global minimum. These contributions can be rationalized on the 
basis of the energy plots in Fig. 4 wherein a larger area is enclosed by 3 kcal/mol 
contours at around the anti values of the C-4-C-5 conformation as compared to 
the corresponding gauche values. 

The geometries of the 5,60isopropylidene ring in DEl-Ml and DEl-M2 are 
significantly different, although both structures have an internal hydrogen bond 
between OH-3’ and O-5. This ring has envelope conformations in both the models. 
In DEl-Ml, the atoms O-5, C-5, C-6, and O-6 are coplanar with C-7 puckered out 
of the plane, while in DEl-M2. O-6 is puckered out of the plane formed by the 
other four atoms. The torsion angles for the four coplanar atoms in each of the 
two models are less than 1”. The envelope form of this ring system is also observed 
in DEl-M3 and DEl-M4. The former has an intramolecular hydrogen bond 
between OH-3’ and O-2 in the 1,20isopropylidene ring, while the latter has no 
intramolecular hydrogen bonds. The 5,6-O-isopropylidene ring in other DE1 
models has a twist conformation rather than an envelope. 

The calculated vicinal coupling constants J5,6 and J5,6t in DEI-Ml and DEl-M2 
are significantly different to those observed by NMR studies (5.8 and 4.9 Hz, 

respectively). The calculated values are 8.7 and 7.1 Hz in DEl-Ml and 7.3 and 
10.2 Hz in DEl-M2, respectively. These differences could be attributed to 
variations of the ring geometry in the calculated models and experimental condi- 
tions (solvation effects). Further, the observed geminal coupling constants between 
H-6 and H-6’ differ significantly from J3~~A~,3~~B~ implying possible influence of 
bond angle strain in the 5,6-0isopropylidene ring. In the molecular modeling 
calculations, we have allowed bond angles to relax without any constraints. In 
other words, the bond angles were not systematically varied as were some of the 
torsion angles (see Experimental section). Since the bond angles in the energy 
refined models correspond only to fully optimized situations, their influence on 
coupling constants at other values can not be estimated. In addition to possible 
bond angle effects, electronegativity effects, not explicitly included in our calcula- 
tions, could account for some of the differences between the calculated and 
observed coupling constants associated with the 5,6-0-isopropylidene ring. Such 
effects are known to affect geminal couplings in a variety of molecular 

12-14*,15 systems . 

The coupling observed for 2 are similar to and consistent with the data reported 
earlier l6 for the 1,2 : 5,6-di-0-isopropylidene-cr-u-allofuranose (R = OH in 2). Two 
exceptions to this data were found in the case of couplings between H-3-H-4 (8.6 
vs. 9.6 Hz) and H-4-H-5 (4.8 vs. 8.2 Hz). These differences can be accounted for 
by the fact that the substituent in the a position at C-3 (i.e., -OH) differs by a 
methylene group. This in turn introduces both electronegativity and conforma- 

* We would like to thank one of the referees for “re-acquainting” us with this most extensive of 
studies. 
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Fig. 5. Computer graphics illustrations of (A) overlap of DElO-Ml (- ) and DEl-M4 (------I, 

and (B) overlap of DElO-M2 (- ) and DEl-M4 (- - - - - -). 

tional effects which could potentially serve to alter the magnitude of the couplings. 
These differences in coupling constants are also paralleled by the corresponding 
chemical shifts which differ significantly only in the chemical shifts of H-3 and H-5. 
The impact of the hydroxyl vs. hydroxymethyl substituents at C-3 on the molecular 
structure of 1,2 : 5,6-di-O-isopropylidene derivatives is being investigated theoreti- 
cally in our laboratory and will be reported in due course. 

Models at dielectric of 10.0 .-All the models obtained for 2 are devoid of any 
intramolecular electrostatic stabilizations as OH-3’ is pointed away from both 
isopropylidene rings in all cases. Interestingly, these models are qualitatively very 
similar to DEl-M4 which also lacked intramolecular stabilizations (uide infra). 
Fig. 5 illustrates the overlaps of DElO-Ml .and DElO-M2 with DEl-M4 which 
demonstrate the structural similarity of these models. A dozen models have 
energies within 1 kcal/mol of the global minimum (Table IV) while twenty-one 
models have energies within 3 kcal/mol of the global minimum. 

As in the case of DE1 models, the protons H-l and H-2 are nearly eclipsed with 
the torsion angle about the C-l-C-2 bond varying between - 10.5 and - 11” in all 
of the energy-optimized structures. The calculated Jr,, in the energy-minimized 
models (- 5.4. Hz) using the method of Haasnoot deviates from the experimental 
observation by _ 1.9 Hz. The torsion between H-3 and H-4 is anti in all the 
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energy-minimized models. Further, as in DE1 models and in models of 1, the 
H-2-C-2-C-3-H-4 torsions are all N 40”. 

The torsion angle H-4-C-4-C-5-H-5 is confined mainly to gauche + and anti 
values in the top twelve structures which lie within 1 kcal/mol of the global 
minimum. The observed NMR coupling constant, J4,s is 5.9 Hz and taken together 
with the molecular modeling results is indicative of a mixture of populations 
non-trivially biased by the gauche + conformation. The presence of multiple 

conformations of unequal populations can complicate interpretation of the NOE 
data in terms of extracting exact distance information form the NMR data in that 
it invalidates the “one-NOE: one distance” approximation. This results in an 

NMR derived solution structure in which the distances obtained are conformation- 
ally averaged. Recently, Landis and Allured17 introduced the conformer popula- 

tion analysis (CPA) protocol for quantitatively extracting accurate proton internu- 
clear distance information from NOESY data for a variety of conformationally 
mobile small molecules. Such methodology directly employs the NOE intensities 
and is predicted to give better results than the distance constrained methods for 
evaluating interatomic distances and molecular structures. However, it is suggested 
that the CPA approach is sensitive to the method of generation of the energetically 
feasible molecular conformations . l7 In our laboratory, studies combining the CPA 
approach together with molecular dynamics simulations applied to 1 and 2 are 
currently in progress in an effort to provide a more quantitative correlation of the 
observed NOE intensities with the theoretically calculated models and will be 
reported separately. 

Quantitatively consistent with the NMR coupling constants of 5.8 and 8.9 Hz for 

J3,3’(A, and J3,3’(B) (Table II), the torsions H-3-C-3-C-3’-H-3’A and H-3-C-3-C 
3’-H-3’(B) are either gauche or anti in DElO-Ml through DElO-M12. This 
suggests the possibility of hindered rotation about the C-3’-C-3 bond since the 
OH-3’ is no longer hydrogen-bonded to any of the isopropylidene ring oxygens. As 
noted earlier, this situation mimics the most probable scenario in the presence of 
Me,SO-d, as the solvent. 

For all models within 1 kcal/mol of the global minimum, the conformations of 
OH-3’ relative to the C-3’ protons are nearly constant [ - 55” for H-3’(A) and 
= -55” for H-3’(B)]. This is qualitatively consistent with the observed couplings 

for J3~(Aj,oH and J3fcB,,oH. 

The envelope forms are found for the 5,60isopropylidene rings in a number of 
models close to the global minimum. This once again implies a discrepancy 
between the calculated and observed vicinal couplings J5,6 and J5,6r, similar to that 
in the case of DE1 models. 

Table V lists the observed NOES for 2 in CDCl, and Me,SO-d,. Although a 
number of low energy conformers are feasible for 2 at the dielectric of 1.0 (vide 
supru), only two of them (DEl-Ml and DEl-M2) are consistent with the critical 
NOE between the Me(D) protons and OH-3’ proton. Due to the hydrogen 
bonding between OH-3’ and the O-5 of the 5,6-0-isopropylidene group, the 
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TABLE V 

Observed NOE data for 2 in CDCI, (a) and Me,SO-d, (b) qualified as strong (s), medium (ml, and 
weak (w) (see text for discussion). The distances calculated from the models DEl-Ml and DEl-M2 
which are the only ones that have the OH-3’ proton hydrogen bonded to O-5 consistent with the NOE 
data. Single values indicate near equality in the two models for the distance parameter. If the values 
differ by more than 0.1 A, those corresponding to the DEl-M2 are indicated in parenthesis. In (b) the 
calculated distances correspond to DElO-Ml and DElO-M2 (indicated in parentheses) 

Proton 1 Proton 2 Relative 

intensity 

Calculated 

distance &I 

(a) 
H-l 
H-2 
H-2 
H-3 
H-6 
H-6 
H-3’(A) 
H-3 
H-3’(B) 
H-l 
H-2 
H-4 
H-4 
H-6 
H-4 
H-5 
H-6’ 
Me(D) 

(b) 
H-l 
H-2 
H-5 
H-5 
H-3 
H-3’(A) 
H-3’(B) 
H-6 
H-6 
H-3’(A) 
H-l 
H-2 
H-4 
H-5 
H-6 
H-6’ 

H-2 
H-3 
H-3’(A) 
H-5 
_ 

H-5 
H-3’(B) 
H-3’(A) 
OH-3’ 
Me(A) 
Me(A) 
Me(B) 
H-6’ 
Me(C) 
Me(D) 
Me(C) 
Me(D) 
OH-3’ 

m 
m 
m 

g-6’ 
m 

m 
m 
W 

W 

W 

W 

W 

W 

W 

W 

W 

2.5 
2.4 
2.8 
2.5 
1.8 
2.4 
1.8 
2.6 
2.3 
3.4 
3.2 
4.1 
3.8 (3.7) 
3.2 (4.5) 
4.8 (3.4) 
3.3 (4.8) 
4.8 (3.1) 
3.7 (4.1) 

H-2 
H-3 
H-3 
H-4 
OH-3’ 
OH-3’ 
OH-3’ 
H-6’ 
H-5 
H-3’(B) 
Me(A) 
Me(A) 
Me(B) 
Me(C) 
Me(C) 
Me(D) 

m 2.5 
m 2.4 
m 2.5 
m 3.1 (2.5) 
W 3.6 
m 2.3 
m 2.3 
S 1.8 
m 2.4 
S 1.8 
W 3.4 
W 3.2 
W 4.1 
W 3.5 
W 4.5 
W 3.6 

proton in the former group is located at N 3.7 and 4.1 8, from the Me(D) protons 
in DEl-Ml and DEl-M2, respectively. These distances correspond to a weak 
NOE as observed in the NMR experiments. The OH-3’ proton is separated from 
Me(D) protons by more than 5 A in models where the former is hydrogen bonded 
to O-2 or not hydrogen bonded at all. The observed NOES in CDCl, are thus 
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qualitatively consistent with the calculated distances in DEl-Ml and DEl-M2. 
The observed NOES in Me,SO-d, are satisfied by the models in which no 
intramolecular hydrogen bonding is obtained (e.g., DEl-M4, DElO-Ml, DElO- 
M2, and DElO-M3). 

CONCLUSIONS 

We have conducted an extensive study of the stereochemical factors concerning 
the solution structure of the allofuranose 2 in two solvents (CDCI, and Me,SO-d,). 
The intramolecular and intermolecular electrostatic stabilization (hydrogen bond- 
ing) requirements in the two environments are quite different. The NMR and 
computational results obtained for 2 provide very good qualitative agreement 
between the observed NMR J couplings and NOES for 2 and the models derived 
from computational studies. For a dielectric of 1.0 (CDCI,), the computational 
study reveals the presence of two low energy models within 1 kcal/mol of the 
global minimum consistent with the NMR results obtained for 2 in which hydrogen 
bonding of the OH-3’ proton to O-5 is indicated. This is in sharp contrast to the 
results obtained for the cyanomethyl analog 1 in which there exists a family of 
low-energy conformations, principally arising as a result of dynamic ring flipping of 
the $6~O-isopropylidene ring moiety ‘. In the case of 2, the presence of the 
intramolecular hydrogen bond from OH-3’ to O-5 tends to impart rigidity ot the 
molecule thereby reducing the dynamic conformational averaging of the pendant 
isopropylidene moiety. The models obtained at the dielectric of 10.0 lack in- 
tramolecular hydrogen bonds involving the OH-3’ and are presumably dominated 
by intermolecular hydrogen bonding to the solvent. The conformations of the 
pendant hydroxymethyl moiety in these models are in general qualitatively consis- 
tent with the observed coupling constants for 2 in Me,SO-d,. This study highlights 
and further emphasizes the significance and importance of combining both the 
results of NMR and concurrent computational investigations as a research tool to 
further reveal insight into the structure and dynamics of molecules in solution. 

EXPERIMENTAL 

General procedures.-All reactions were carried out at ambient temperature 
under an Ar atmosphere. The term in vacua refers to concentration first by a 
rotary evaporator followed by a vacuum pump ( < 0.5 torr). Infrared spectra were 
recorded on a Perkin-Elmer Model 681 grating spectrophotometer (cm-i) for 
CHCl, solutions. Mass spectra were determined on a Finnigan MAT 8430 (0.1 torr 
NH,). All NMR spectra were measured using 5-mm o.d. sample tubes (Wilmad- 
535) containing CDCl, or Me,SO-d, (Merck Isotopes) solutions at 20°C. 

1,2: 5,6-Di-O-isopropylidene-ct-D-ribo-hexojiuanos-3-ulose (4).-To a suspension 
of 12.9 g (60.0 nunol) of pyridinium chlorochromate and 12.8 g of pulverized 3A 
molecular sieves in 50 mL of CH,Cl, was added a solution of 1,2 : 5,6-di-O-isopro- 
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pyhdene-cu-D-ghKofuranose (1 5.20 g; 20.0 mmol) in CH,Cl, (50 mL) dropwise 
over 45 min to the resulting dark-brown solution. The mixture was stirred for 16 h 
after which 100 mL of Et,0 was added. After stirring an additional 2 h, the 
mixture was passed through a column containing 150 g of silica gel topped with 50 
g of Elite. Elution with Et,0 followed by concentration in vacua afforded 4.8 g of 
a 1: 1 mixture of ketone and its corresponding hydrate (89%) as a solid: ClMS, 
m/z 276 (M + NH:) and 259 (M + H+, 100%); ‘H NMR: 6 6.15 (d, 1 H), 5.83 (d, 
1 H), 4.5-3.8 (bm, 12 H), 1.56 (s, 3H), 1.46 (s, 3 H), 1.43 (s, 3 H), 1.42 (s, 3 H), 1.37 
(s, 3 H), 1.33 (s, 3 H), and 1.30 (s, 3 H); 13C NMR (CDCI,): 6 208.0, 114.1, 113.1, 
110.2, 109.7, 104.0, 102.8, 100.7, 83.4, 78.6, 78.5, 76.0, 73.7, 66.5, 64.0, 27.2, 26.8, 
26.6, 26.3, 25.6, 25.0, and 24.8. Anal. Calcd for C,,H,,O, * 0.5 H,O: C, 53.93; H, 
7.15. Found C, 54.21; H, 7.39. 

3-Deoxy-1,2 : 5,6-di-O-bopropylidene-3-C-~methylene~-a-~-glucofuranose~ (S).- 
To magnesium turnings (2.0 g, 83 mmol) in dry ether (150 mL) was added a few 
drops of 1,2_dibromoethylene at room temperature to initiate the Grignard reac- 
tion. Chloromethyltrimethylsilane (11 mL, 79 mmol) was added at a rate so that a 
gentle reflux was maintained. After refluxing the suspension for 2 h followed by 
cooling to room temperature, an ethereal solution (50 mL) of 4 (8.7 g, 34 mmol) 
was added and the mixture stirred for 2 days. The mixture was then poured into 
satd aq NH&l and separated. The aqueous layer was extracted with Et,0 (2 X ), 
the organic phases combined and washed with brine, dried (MgSO,) and concen- 
trated in vacua affording the crude silyl alcohol as a fluffy white solid (10 g, 85%) 
which was used without further purification; ‘H NMR: S 5.55 (d, 1 H), 4.13 (d, 1 
H), 4.08-3.90 (m, 2 H), 3.80 (dd, 1 H), 3.63 (d, 1 H), 2.48 (s, 1 H), 1.45 (s, 3 H), 1.30 
(s, 3 H), 1.22 (2 s, 6 H), 1.00 (d, 1 H), 0.50 (d, 1 H), and 0.01 (s, 9 H); 13C NMR: 6 
112.1, 108.8, 103.2, 82.8, 82.3, 79.2, 73.2, 66.9, 26.1, 25.9, 24.7, 20.1, and 0.0. 

To a suspension of a 60% dispersion of NaH (7.4 g, 185 mrnol; prewashed 4 X 

with hexane) in THF (110 mL) cooled in an ice bath was added a solution of the 
crude silyl alcohol (10.4 g, 30.1 nun00 in THF (100 mL) dropwise. The mixture was 
refluxed for 6 h, cooled to room temperature and excess hydride decomposed by 
the addition of satd aq NH&l. After separating the layers, the aqueous layer was 
extracted with Et,0 (2 X 1, the organic phases combined and washed with brine, 
dried (MgSO,), and concentrated in vacua to afford 7.5 g (97%) of 5 (ref 2) as a 
pale-yellow liquid which was used without further purification; ‘H NMR: S 5.81 (d, 
1 H), 5.51 (1 H), 5.47 (m, 1 H), 4.89 (dd, 1 H), 4.65 (m, 1 H), 4.10-4.02 (bm, 2 H), 
3.98-3.90 (m, 1 H), 1.52 (s, 3 H), 1.43 (s, 3 H), and 1.37 (2s, 6 H); 13C NMR: 6 
146.9, 113.4, 112.6, 109.8, 104.6, 82.2, 79.3, 77.4, 65.8, 27.4, 27.1, 26.6, and 25.5. 

3-Deoxy-3-C-(hydroxymethyl)-1,2: 5,6-di-0-isopropylidene-cy-~-allofiranose~~~ (2). 
-The foregoing compound (7.5 g, 29.3 mmol) was dissolved in dry THF (150 mL) 
and the solution cooled to 0°C. Borane-methyl sulfide complex (2 M, 22 mL, 44.0 
mmol) was added dropwise and the solution stirred at room temperature for 16 h. 
After cooling to 0°C 50% aq THF (32 mL>, 2 M aq NaOH (93 mL) and 30% H,O, 
(102 mL) were added successively. After stirring at room temperature for 2 days 
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water (100 mL) and EtOAc (100 mL) were added and the layers separated. The 
aqueous phase was extracted with EtOAc, the organic phases combined and 
washed with brine, dried (MgSO,) and concentrated in vacua. Purification by 
column chromatography (silica gel, 40% EtOAc-hexane) afforded 6.0 g (75%) of 2 
(refs 2,4) as a pale-yellow liquid: [a]25 ,,: +29.0 (c 1.07, CHCl,); IR 3470, 2990, 
and 2860; ClMS m/z 273 (M - H+) and 234; ‘H NMR data for 2 are summarized 
in Tables I and II. The 13C NMR data for 2 are summarized in Table III. Anal. 
Calcd for C,,H,,O, * 0.2 H,O: C, 56.18, H, 8.12. Found: C, 55.86; H, 7.96. 

NMR spectroscopy.-One-dimensional ‘H and 13C NMR spectra were collected 
by using either a Varian VXR400 spectrometer operating at 400 and 100 MHz, 
respectively, or a General Electric QE-300 spectrometer operating at 300 and 75 
MHz, respectively. All two-dimensional NMR spectra were collected with the 
VXR400 which was equipped with a 5-mm broad-band (BB) switchable probe and 
variable temperature accessory. One-dimensional proton data were routinely pro- 
cessed with a 65K data-table (0.09 Hz/pt); for additional accuracy the data were 
processed with a 128K data table (0.046 = Hz/pt). 

Phase-sensitive double quantum filtered COSY (DQF-COSY).-The general ex- 
perimental parameters used for collecting DQF-COSY data for 2 in CDCI, were 
as follows: sequence, Dl-(90)-t,-(90)(90)-acquire(t,); relaxation delay (Dl), 11 s; 
acquisition time (t,), 332 ms; the number of data points in F2 was 2048 and the 
number of increments was 2 X 256, employing the States-Haberkorn-Reuben 
hypercomplex data-collection and data-processing scheme$ the number of tran- 
sient, 32/increment with steady-state pulses, 2; the data were processed with 
line-broadening of 0.1 Hz in both t, and t, domains, respectively; the data points 
in t, were zero-filled to 2048 points prior to Fourier transformation and the final 
data set was symmetrized. 

Absolute-value COSY-4 (90-90).-The general experimental parameters for 
collecting the absolute value COSY data for 2 in Me,SO-d, are as follows: 
sequence, Dl-(90)-t,-(90)-acquirect,); relaxation delay (Dl), 1 s; acquisition time 
(t,), 351 ms; number of data points collected in F2, 2048; number of increments in 
t,, 256; the final data set was zero-filled to 2048 X 2048 data points, with pseudo- 
echo weighting of the fid’s in both time domains prior to Fourier transformation 
with symmetrization and absolute value display. 

Phase-sensitive NOESY.-The data-acquisition parameters used for 2 were as 
follows: sequence, Dl-(90)-t,-(90)-MIX-(90)-acquire(t,); relaxation delay (Dl), 
11 s; mixing time (MIX), 1.0 s. The line-broadening and data processing scheme 
including symmetrization were the same as for the DQF-COSY experiment. 
Concerning the plotted NOESY data for 2 shown in Figs. 1 and 2, positive 
contours (NOE) are plotted with full (10) contours (dark); negative contours 
(diagonal and in-phase chemical exchange cross-peaks) are plotted as single 
contours (open circles). 

‘H- ‘3C-Heteronuclear shift correlation (HETCOR) .-The acquisition parame- 
ters used for 2 are as follows: sequence, Dl-(90)(H)-t,/2-BIRD pulse (H, 
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C)-t,/2-(90) (H, C)-acquire(t,); relaxation delay (Dl), 2.0 s; acquisition time (i,), 

58 ms; ‘JcH, 140 Hz (average value for direct l-bond coupling); the number of data 
points in the carbon dimension (F2) was 1216 points and the number of increments 
was 128 or 256. Both dimensions were zero-filled to 2048 X 2048 points in both 
time domains with pseudo-echo weighting prior to Fourier transformation with 
absolute value display in the frequency domain. 

Proton homunuclear 20 J-spectroscopy.-The experimental parameters used for 
collecting the homonuclear 2D J-spectra on 2 are as follows: sequence, Dl-(90)- 
t,/2-(180)-t,/2-acquire(t,); relaxation delay (Dl), 4 s; spectral window in (F21, 
3085.5 Hz; acquisition time, 332 ms; number of points collected in F2, 2048; 
spectral window in (Fl), 50 Hz, and number of increments, 512. The data points in 
Fl were zero-filled to 2048 points with pseudo-echo weighting optimized for 
resolution applied to the time domain fid’s prior to Fourier transformation with 
absolute value display. 

Molecular modeling.-Molecular modeling studies were carried out on 2 with a 
view to determining its energetically favored conformations and to determine if the 
conformational characteristics of the low energy minima correlate with the NMR 
derived distances (NOE) and torsion angles (vicinal proton-proton coupling con- 
stants). In order to achieve this end, it was necessary to exhaustively investigate the 
conformations possible for these compounds and to determine which low energy 
conformations fit the experimental data. In particular, the flexibility due to the 

pseudorotation in the five-membered rings deserves attention. 
A preliminary model of 2 was built using the computer graphics package 

MacroModel14 and refined using a combination of steepest descent, block diago- 
nalized Newton-Raphson, and full matrix Newton-Raphson minimization tech- 
niques, with a dielectric of 1.0. Throughout the study the force field used was the 
MacroModel version of MM2. 

A set consisting of 27 360 starting conformations of 2 was generated and energy 
minimized using MacroModel * . These incorporated (a) the rotational flexibility 
about the C-3-C-3’ and C-4-C-5 bonds, (b) the pseudorotation of the 5,6-O-iso- 
propylidene ring, and the [3.3.0] ring system. Conformations higher than 7 kcal/mol 
in energy relative to the global minimum were eliminated from further considera- 
tion. For reasons stated earlier, the final sets of energy refined models were 
obtained at the dielectrics of 1.0 and 10.0. These were arranged in ascending order 
of energy and viewed and analyzed graphically using SYBYL * *. Conformational 
energy calculations were performed wherein energies were computed as a function 
of the torsions about the C-4-C-5 (xi) and C-3-C-3’ (x2) bonds using the MM2 

* The MacroModel Program (version 2.9 was modified by Dr. Dale Spangler, Drug Design of Searle 

Research and Development, to incorporate the option of keeping torsion angles fiied (FIXT) 
during energy optimizations in the Batchmin module. 

** SYBYL version 5.32. Molecular modeling software developed and released by Tripos Associates, 
Inc. Copyright 1986, 1989, and 1990. 
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and MM3 force fields as implemented in MacroModel (~3.5). A collection of 324 
conformations of 2 was generated by starting from DEl-Ml and varying the two 
torsions at 20” interval. This collection was energy-minimized with constraints of 
1000 kcal/mol on the two torsions with the rest of 2 being allowed to optimize in 
Cartesian space. The energies were then plotted in the x1-x2 conformational space 

using the Deltagraph software on Macintosh, Isoenergy contours were drawn at 1 
kcal/mol interval starting from the global minimum (marked as 0). Contours of 
value greater than 6 kcal/mol relative to the global minimum are not shown. 
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